Introduction: Abnormal coagulation tests have been observed in patients with primary hyperparathyroidism (HPT) suggesting a prothrombotic effect of parathyroid hormone (PTH). Vitamin D deficiency (VIDD) is the most frequent cause of secondary HPT. Aim of our study was to investigate the influence of HPT secondary to moderate-to-severe VIDD and vitamin D replacement on the coagulation and fibrinolysis system. Subjects and methods: Prospective cohort study of patients with vitamin D <25 nmol/L with and without HPT, and a control group of patients on vitamin D suppletion. At baseline and after 2 months of vitamin D suppletion (900,000 IU in 2 months), endocrine and coagulation markers were measured. Results: 59 patients with VIDD of which 34 had secondary HPT and 36 controls were included. After 2 months of suppletion, vitamin D increased by 399% (VIDD with HPT), 442% (all patients with VIDD) and 6% (controls). PTH decreased by 34% (VIDD with HPT, P < 0.01 for decrease), 32% (all VIDD, P < 0.01) and increased by 8% in the controls (P-values: <0.01 for relative changes between VIDD with HPT or all VIDD patients vs controls). Relative changes in PT, aPTT, fibrinogen, Von Willebrand factor, factors VII, VIII and X, thrombin generation, TAFI, clot-lysis time and d-dimer were not different between patients with VIDD with HPT or all VIDD vs controls. Discussion: Secondary HPT due to VIDD does not have a prothrombotic effect. In contrast with previous reports, PTH does not seem to influence coagulation or fibrinolysis, which is relevant because of the high prevalence of VIDD.
Introduction
An effect on markers of coagulation and fibrinolysis has been hypothesized for hyperparathyroidism as primary hyperparathyroidism is associated with an increased risk of cardiovascular (CV) morbidity and mortality (1, 2, 3, 4) . Many known CV risk factors, such as hypertension, dyslipidemia and metabolic syndrome, have been reported in primary hyperparathyroidism (4, 5, 6) . A recent review summarizing the cardiovascular manifestations of primary hyperparathyroidism underlined the conflicting results of studies investigating the physiological effects of parathyroid hormone (PTH) and parathyroidectomy on, amongst others, endothelial dysfunction (4). In our current study, the objective was to study the direct effect of PTH on markers of coagulation and fibrinolysis since current literature on this topic is conflicting. Until to date, 5 studies focused on PTH and markers of coagulation and fibrinolysis (Table 1 ) (5, 6, 7, 8, 9) . Four studies investigated patients with primary hyperparathyroidism and some, but not all, indicated that this condition is associated with increased plasma levels of Factor (F) VII, FX, d-dimer, tissue plasminogen activator (t-PA) and plasminogen activator inhibitor-1 (PAI-1) compared to healthy controls (5, 6, 7, 8) . Another study in healthy subjects found no significant relationship between hemostatic factors and serum PTH (9) . Several methodological drawbacks limit any firm conclusions. Including a control group with healthy persons for example carries the risk of overestimating the difference when compared to patients with hyperparathyroidism since concomitant disease in those patients could also increase markers of coagulation and fibrinolysis. Besides, most of the current evidence does not allow us to assess the effect of increased and normalized values of PTH on coagulation within the same persons. Vitamin D deficiency is the most frequent cause of secondary hyperparathyroidism. In this study, we hypothesized that hyperparathyroidism secondary to vitamin D deficiency may be associated with procoagulant effects. This may be relevant given the high prevalence of hyperparathyroidism secondary to vitamin D deficiency.
Subjects and methods

Study design
We performed a prospective cohort study in patients with moderate-to-severe vitamin D deficiency. 
Study procedures
Study visits were scheduled between 08:00 and 11:00 h A total of 21 mL of venous blood was taken two times; at inclusion and after 2 months of vitamin D suppletion. Additional questions were asked about weight, height, medical history, ethnicity, smoking status and the use of (recently stopped) medication. This information was completed by reviewing the charts of all the patients. Endocrine disorders were stable diseases including diabetes. Patients with vitamin D deficiency were treated according to the following regimen: colecalciferol (vitamin D3) orally, 900,000 IU over 3 weeks (300,000 IU weekly) followed by a maintenance dose of 1000 IU/day, aimed at achieving blood levels of 25-OH-D above 30 ng/mL (75 nmol/L)) (10).
Laboratory tests
Blood samples were collected in a 3.5 mL serum tube (BD Vacutainer, Plymouth, UK) for direct assessment of levels of vitamin D, PTH, calcium, phosphate, creatinine, albumin and CRP, and in 3.5 mL 0.109 mol/L (3.2%) sodium citrate tubes for tests of coagulation and fibrinolysis (Greiner Bio-One, Kremsmünster, Austria). Citrated blood was immediately centrifuged, and the supernatant re-centrifuged, for 15 min at 3000 rpm (1860 g) at 15°C to obtain platelet-poor plasma. Plasma was aliquoted and stored at −80°C until further use. Measurement of coagulation and fibrinolysis parameters was performed in one batch at the Department of Experimental Vascular Medicine, Academic Medical Center, University of Amsterdam, Amsterdam, the Netherlands, after completion of the study. Analysis of PTH (reference value:
and CRP (<8 mg/L) were performed on an Abbott Architect ci8200 (Abbott, Abbott Laboratories). During this study, Abbott Laboratories informed us that falsely elevated patient results were generated using the ARCHITECT Intact PTH Assay. Measurements of PTH were repeated in one batch in citrated plasma, after completion of the study with the use of a new reagent, at the local laboratory of the Medical Center Slotervaart. The intra-and inter-assay coefficients of variations (CVs) were 2.9-6.1% and 3.0-6.4%. Because the assay had not been validated by the manufacturer for use with citrated plasma, serum/citrated plasma studies were performed to characterize the correlation. Results in plasma were corrected for dilution with citrate. On the basis of the analysis of at least 30 samples, small systematic differences between serum and citrated plasma were observed, but Deming regression showed a highly significant association between serum and plasma levels of PTH (correlation coefficient (R) = 0.9754. Prothrombin time (PT) (10.7-12.9 s), activated partial thromboplastin time (aPTT) (25.0-38.0 s), fibrinogen (1.9-4.0 g/L), FVII activity (71-152%), FVIII activity (63-173%), FX activity (66-125%) and d-dimer (<1.00 mg/L) were measured by BCS-XP (Siemens Healthcare). Von Willebrand Factor (VWF) antigen was measured by a homemade ELISA (antibodies from DakoCytomation, Denmark) (50-150%). In vitro thrombin generation initiated by 1 pM tissue factor was determined by calibrated automated thrombinography (CAT) (Thrombinoscope BV). The following parameters were derived from the thrombograms: lag time (1.5-3.2 min), peak thrombin (63-154%) and endogenous 7:2 thrombin potential (ETP) (65-146%). Thrombinactivatable fibrinolysis-inhibitor (TAFI) activity (64-125%) was measured by a Pentapharm TAFI kit. Clot-lysis times were obtained with a spectrophotometric method as described (11) . Clot-lysis times were normalized to pooled normal plasma.
Statistical analysis
The main outcome of this study was comparison of coagulation parameters in patients with hyperparathyroidism secondary to vitamin D deficiency with these values after two months of vitamin D suppletion. Because some patients with vitamin D deficiency had normal levels of PTH at inclusion, our secondary outcome was the comparison of coagulation parameters in all patients with vitamin D deficiency, irrespective of their PTH level, with these values after two months of vitamin D suppletion. We planned to include 34 patients with vitamin D deficiency and secondary hyperparathyroidism and 34 control patients on vitamin D suppletion. This was based on the results of d-dimer and fibrinogen measurements in patients with primary hyperparathyroidism (5) and the assumption of an effect size of 0.5 (calculated as the difference of the means divided by the mean of the standard deviations), with a power of 80% and an alpha error of 0.05. Performing a secondary analysis with all patients with vitamin D deficiency at baseline, regardless of their PTH level, gave us the opportunity to increase our sample size even more. If essential data were missing, for example, because drawn blood was hemolyzed, the measurement was repeated if possible. Otherwise, participants were replaced by a new participant to reach the intended power. The characteristics of the participants are expressed as median (interquartile range) or number (percentages) where appropriate; age and BMI are expressed as median (interquartile range) and the other characteristics as number (percentages). These characteristics were compared with the control group for both the patients with secondary hyperparathyroidism due to vitamin D deficiency as well as for the patients with normal PTH despite vitamin D deficiency by Mann-Whitney U test or chi-square tests/Fisher's exact test, respectively. The parameters of coagulation and fibrinolysis are expressed as median (interquartile range
Results
Participants, vitamin D and PTH
Characteristics of participants are shown in Table 2 . During the study, 20 patients were excluded for the following reasons: pregnancy (n = 1), incompliance with vitamin D suppletion (n = 2), withdrawn informed consent/no-show visit 2 (n = 8), hemolyzed blood (n = 2), death (n = 1), prescription of oral corticosteroids (n = 1), change in methotrexate dose (n = 1), bariatric surgery (n = 1), GFR < 45 mL/min (n = 1) and control patients with vitamin D level <40 nmol/L at baseline (n = 2). Excluding those patients, a total of 59 patients with moderate-tosevere vitamin D deficiency (vitamin D level <25 nmol/L) and 36 control patients who were already using vitamin D suppletion at baseline completed 2 months of vitamin D replacement and underwent the second assessment after 2 months of follow-up. A total of 21 of the 59 patients with vitamin D deficiency had normal PTH levels at baseline (PTH ≤ 10 nmol/L).
There were no statistically significant differences in age, gender, BMI, smoking status and medical history when comparing the patients with secondary hyperparathyroidism due to vitamin D deficiency, respectively the patients with normal PTH levels despite vitamin D deficiency, to the control patients ( Table 2) .
Values of vitamin D, PTH, calcium, phosphate, creatinine, albumin and CRP and their relative changes after two months of vitamin D suppletion are depicted in Table 3 . PTH levels decreased from 14.1 (12.1-17.2) to 9.3 (7.2-11.3) pmol/L in the patients with secondary hyperparathyroidism due to vitamin D deficiency and from 12.0 (7.7-15.7) to 7.4 (5.7-10.5) pmol/L in all patients with vitamin D deficiency at baseline. PTH decreased from 7.2 (6.2-7.9) to 5.6 (4.6-6.7) pmol/L in the patients with vitamin D deficiency but normal PTH levels at baseline. PTH levels did not change in the controls. In the patients with secondary hyperparathyroidism due to vitamin D deficiency, median (IQR) vitamin D level was 20 (18) (19) (20) (21) (22) (23) (24) nmol/L at baseline and 108 (92-140) nmol/L after two months of vitamin D suppletion. These values were similar for all patients with vitamin D deficiency, with and without hyperparathyroidism (vitamin D 20 (18) (19) (20) (21) (22) (23) (24) and 111 (94-162) nmol/L at baseline and after 2 months of vitamin D suppletion, respectively). Vitamin D levels did not change in the controls. Calcium and phosphate levels slightly increased within the normal ranges after 2 months of vitamin D suppletion in all patients with vitamin D deficiency at baseline, while these parameters did not change in the controls. Only in the controls, CRP levels were slightly increased after two months of vitamin D suppletion, within the reference range (1.5 (0.6-4.8) mg/L at baseline compared to 2.1 (0.9-5.9) after 2 months of vitamin D suppletion). When comparing the relative change between baseline and 2 months follow-up between the patients with vitamin D deficiency and secondary hyperparathyroidism respectively all patients with vitamin D deficiency to the controls, there were no statistically significant differences except for FX (P value of 0.025 when comparing the relative change from baseline in the patients with vitamin D deficiency and secondary hyperparathyroidism to the controls).
Discussion
The aim of this study was to investigate the influence of hyperparathyroidism secondary to moderate-tosevere vitamin D deficiency and subsequent vitamin D replacement on the coagulation and fibrinolytic system. We hypothesized that after 2 months of vitamin D suppletion (and thus normalization of vitamin D and PTH), patients with moderate-to-severe vitamin D deficiency and secondary hyperparathyroidism would have lower levels of markers of coagulation and fibrinolysis when compared to before vitamin D suppletion. Because not all patients with moderate-to-severe vitamin D deficiency had increased levels of PTH at baseline, we made a distinction among patients with vitamin D deficiency with and without secondary hyperparathyroidism. In our study, parameters of coagulation and fibrinolysis did not change after two months of vitamin D suppletion despite a marked decrease in PTH levels in both the patients with vitamin D deficiency and secondary hyperparathyroidism at baseline (n = 38), and all patients with vitamin D deficiency at baseline (n = 59). Relative changes between baseline and 2 months of vitamin D suppletion did not differ between the patients with vitamin D deficiency and secondary hyperparathyroidism and the patients with vitamin D deficiency without secondary hyperparathyroidism, respectively, vs the control patients (n = 36). This indicates that, within this PTH range, there is no effect of PTH on the hemostatic system. Only in FX, a small but statistically significant increase was detected in the patients with vitamin D deficiency and secondary hyperparathyroidism after two months of vitamin D suppletion, which was not in line with our hypothesis -we would expect a decrease -and likely attributed to multiple testing.
As a limitation of our study, one could argue that the levels of PTH in the patients with vitamin D deficiency and secondary hyperparathyroidism were not high enough at baseline or that the decrease in PTH after 2 months of vitamin D suppletion was not large enough to detect an effect of PTH on markers of coagulation and fibrinolysis. In the study by Chertok-Shacham and coworkers for example, patients with primary hyperparathyroidism had a mean PTH level of 136.2 ng/L, compared to 36.2 in the controls (8) , which is in accordance with 14.3 pmol/L in the patients with primary hyperparathyroidism and 3.8 pmol/L in the controls. Indeed, with a median relative change from baseline in PTH of −34% in our patients with secondary hyperparathyroidism due to vitamin D deficiency, we cannot rule out that a larger decrease in PTH may have an effect on markers of coagulation and fibrinolysis. However, the absence of any effect of such a decrease of PTH within the same persons on all the markers of coagulation and fibrinolysis measured in this study makes that possibility seem less likely.
Another limitation of this study is that PTH may influence additional humoral factors that lower markers of coagulation and fibrinolysis counteracting a stimulating effect of PTH per se. The receptor of PTH is markedly expressed in bone and kidney, but is also present in other tissues such as breast, skin, heart, blood vessels, pancreas, and others that are not regarded as classical PTH target tissues (12) . This possibility might be investigated in future experimental studies involving administration of PTH. Besides, vitamin D could have direct or indirect effects on markers of coagulation. Various studies of differing quality investigated the effect of vitamin D levels and suppletion on markers of coagulation with conflicting results hindering any definitive conclusions (13, 14, 15, 16) . However, the current evidence indicates that vitamin D deficiency does not lead to an increased risk of venous 7:2 thrombosis (17, 18, 19) . Yet, in a secondary analysis of one of those studies, the risk of idiopathic venous thrombosis was lower in women randomized to calcium plus vitamin D (19) while another large study found a stepwise increasing risk of venous thromboembolism with decreasing tertiles of plasma 25-hydroxyvitamin D concentrations. However, an alternative explanation for this effect was the fact that a reduced 25-hydroxyvitamin D concentration is merely a marker of other common risk factors for venous thrombosis (20) . To the best of our knowledge, there are no reports on studies investigating the risk of venous thrombosis in primary or secondary hyperparathyroidism.
The hypothesis that PTH influences the hemostatic system was based on several studies investigating the effect of primary hyperparathyroidism on markers of coagulation and fibrinolysis (6, 7, 8) . One explanation for these findings could be that these studies were performed in patients with primary hyperparathyroidism and that the observed results on the hemostatic system were not a direct effect of the increased levels of PTH, but as a result of clinical manifestations of primary hyperparathyroidism such as hypercalcemia. Such manifestations, including nephrolithiasis, could increase the inflammatory state and thereby result in a higher thrombotic tendency (21) . Another explanation for not only the increased levels of coagulation and fibrinolysis, but also the increased rate of vascular events, in primary hyperparathyroidism could be that these suffer from dehydration more than healthy controls. Another explanation could be that in these 3 studies, markers of coagulation and fibrinolysis were only compared to a healthy control group thereby excluding the possibility to perform paired testing within the same patients (e.g., before and after parathyroidectomy). The only study reporting markers of coagulation and fibrinolysis (VWF and PAI-1) in patients with primary hyperparathyroidism before and after parathyroidectomy, did not find a difference in these markers (5) .
In conclusion, we did not find an influence of hyperparathyroidism secondary to vitamin D deficiency on coagulation or fibrinolysis. For future research, the effect of tertiary hyperparathyroidism in which PTH levels are even higher remains to be investigated. Besides, to rule out an effect of comorbidities such as hypertension, inflammation and vascular calcification that are accompanied with tertiary hyperparathyroidism, the direct effect of exogenous PTH could be studied in healthy volunteers.
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